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We show functional-anatomical organization of
motion direction in mouse dorsal lateral geniculate
nucleus (dLGN) using two-photon calcium imaging
of dense populations in thalamus. Surprisingly,
the superficial 75 mm region contains anterior and
posterior direction-selective neurons (DSLGNs)
intermingled with nondirection-selective neurons,
while upward- and downward-selective neurons are
nearly absent. Unexpectedly, the remaining neurons
encode both anterior and posterior directions, form-
ing horizontal motion-axis selectivity. A model of
random wiring consistent with these results makes
quantitative predictions about the connectivity of
direction-selective retinal ganglion cell (DSRGC)
inputs to the superficial dLGN. DSLGNs are more
sharply tuned than DSRGCs. These results suggest
that dLGN maintains and sharpens retinal direction
selectivity and integrates opposing DSRGC sub-
types in a functional-anatomical region, perhaps
forming a feature representation for horizontal-axis
motion, contrary to dLGN being a simple relay.
Furthermore, they support recent conjecture that
cortical direction and orientation selectivity emerge
in part from a previously undescribed motion-selec-
tive retinogeniculate pathway.
INTRODUCTION
Visual motion perception depends on the computation of
direction of motion from spatiotemporal luminance patterns. It
is widely believed that these computations emerge de novo in
the cortex, independently of retinogeniculate direction-selective
(DS) inputs (Hubel and Wiesel, 1961; Peterson et al., 2004). This
view persists in spite of the fact that motion is also computed in
the retina (Wei et al., 2011;Briggmanet al., 2011),where subtypes
of direction-selective retinal ganglion cells (DSRGCs) encode
each of four cardinal directions (On-Off cells) or three distinct
directions (On cells). These cells have longbeenbelieved to servepurely subcortical pathways and mediate reflexive behaviors
(Oyster and Barlow, 1967) but not to supply input to cortex.
Recent evidence has begun to challenge the assumption of
separate retinal and cortical visual motion pathways in the
mouse (Huberman et al., 2009; Kim et al., 2010; Rochefort
et al., 2011). During early development, cortical direction- and
orientation-selective neurons prefer cardinal directions similar
to the direction preferences of some On-Off DSRGCs (Rochefort
et al., 2011). After this initial period, direction and orienta-
tion tuning evolve into the adult form, characterized by the
existence of neurons preferring all directions. This compelling
result suggests the possibility that direction selectivity that is
computed in the retina may strongly influence cortical direction
and orientation tuning via a pathway through the dorsal lateral
geniculate nucleus (dLGN). However, a functional DS pathway
from retina to dLGN to cortex has not been shown in any species.
It also remains largely unknown what motion computations, if
any, are performed in the dLGN.
Recently, it was shown that at least two On-Off DSRGC
subtypes and one novel Off DSRGC type terminate their axons
at different depths within the mouse dLGN (Kim et al., 2008,
2010; Huberman et al., 2009; Rivlin-Etzion et al., 2011; Kay
et al., 2011), raising the possibility that there may be a laminar
organization of distinct direction preferences in dLGN. Based
on the pattern of axon terminals, posterior direction selectivity
may be limited to the superficial 75 mm of dLGN and upward
and downward direction selectivity may be restricted to deeper
dLGN. However, it is not entirely clear from these anatomical
studies whether these projections overlap with each other.
Furthermore, the projections of anterior and upward On-Off
DSRGCs, as well as a multitude of other cell types, have not
been traced. Predictions regarding the existence of a laminar
organization of direction selectivity in dLGN are further limited
by unknown circuit parameters such as whether the relevant
dLGN neurons sample from retinal inputs across layers versus
near their cell bodies and the degree to which direction selec-
tivity is preserved across the retinogeniculate synapse. Surpris-
ingly, a thorough electrophysiological study did not report DS or
On-Off responses in the mouse dLGN (Grubb and Thompson,
2003), bringing into question whether direction selectivity is
maintained and relayed at all in mouse dLGN, although it
is possible that stimulus parameters and analysis criteria of
this previous study did not identify DS neurons. Moreover,Neuron 76, 713–720, November 21, 2012 ª2012 Elsevier Inc. 713
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Figure 1. Two-Photon Calcium Imaging of
Visual Responses in the Mouse dLGN
(A) Surgery and calcium dye loading procedure as
described in the Experimental Procedures. Metal
frame and tube cross-sections, as well as anatomy
(Paxinos and Franklin, 2001), are drawn to scale.
The microscope objective drawing is not to scale.
(B) Images at multiple depths in the dLGN (Movie
S1). Toward the top of each image is lateral in the
brain. To the right in each image is anterior in the
brain. (C) Example field of view used for imaging
visual responses. (D and E) Change in fluores-
cence over time (DF/F) for neurons indicated by
white boxes in (C). Cell 1 (F1 = 7.6% ± 0.4% DF/F)
(D) responds after cell 2 (F1 = 5.9% ± 0.7% DF/F)
(E), indicating slightly shifted positions of their
receptive fields relative to the same grating stim-
ulus. Fourier magnitude is unaffected by these
shifts in phase (Figure S1). Red line indicates mean
over five trials; each trial is a gray line. Stimulus
time is indicated by bar under waveforms. Scale
bars represent 50 mm in (B) and 25 mm in (C).
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Functional Organization of Motion Direction in LGNa functional-anatomical organization of direction tuning has not
been shown in any species, despite the rare observation of direc-
tion-selective lateral geniculate neurons (DSLGNs) in rats and
rabbits (Levick et al., 1969; Montero and Brugge, 1969; Stewart
et al., 1971; Fukuda et al., 1979). However, the electrophysiolog-
ical recordingmethods used by these studiesmay not have been
able to distinguish the precise depths of a sufficient number of
recorded neurons, especially given their rarity in the population
(5%–10%) and potential proximity of some of these neurons
to the most superficial layers of dLGN.
Here, we directly examine the functional-anatomical organi-
zation of direction tuning in the superficial 75 mm of mouse
dLGN using two-photon calcium imaging of dense populations
in the thalamus. This dense sampling of neurons in the superfi-
cial dLGN allowed us to characterize the direction tuning and
precise anatomical location relative to the dLGN surface and
border with the lateral posterior nucleus of dozens to hundreds
of neurons simultaneously. These advantages of the imaging
method allowed us to determine the functional-anatomical orga-
nization of motion direction information in the superficial dLGN.
RESULTS
Two-Photon Population Calcium Imaging of Visual
Responses in Superficial Mouse dLGN
In order to determine the functional organization of direction
tuning in the superficial mouse dLGN, we developed a method
for in vivo two-photon calcium imaging of neuronal visual
responses in the superficial region (%75 mm deep from the
surface) of mouse dLGN. To our knowledge, these studies yield714 Neuron 76, 713–720, November 21, 2012 ª2012 Elsevier Inc.the first simultaneous physiological mea-
surements of populations of anatomically
identified thalamic neurons (Figure 1).
For calcium dye loading, Oregon green
Bapta-1 AM (OGB) was injected into the
dLGN of C57/Bl6 mice (Figure 1A). Totest for direction selectivity in the dLGN, we presented drifting
square-wave gratings of 12 equally spaced directions at a
speed known to stimulate DSRGCs (Weng et al., 2005; Kim
et al., 2008, 2010; Huberman et al., 2009; Yonehara et al., 2009)
(i.e., 25 deg/s, 0.01 cycle per degree). Five repeats of each stim-
ulus and a blank gray stimulus were presented in random order
to the animal while visually evoked calcium responses were re-
corded in up to dozens of neurons simultaneously at a known
depth in the dLGN, reflecting the underlying changes in firing
rate of each neuron (Figures 1C–1E and 2). This method allows
even rare neuron subtypes to be detected, and each neuron’s
precise location to be mapped anatomically within the dLGN.
Many neurons responded robustly and reliably to at least one
direction of the drifting grating, characterized by a time-locked
increase in fluorescence to the period of the drifting grating
(n = 353, DF/F amplitude at F1 or F2 > 2.5% and circular T
2 test
p < 0.05; see Figure S1 available online). We used themodulation
of the fluorescence signal at the temporal frequency of the
grating (0.25 Hz, F1) or at twice the temporal frequency of the
grating (0.5 Hz, F2) as the measure of neuronal responsiveness.
The F1 modulation corresponds to either the onset (On) or offset
(Off) of each bar of light passing through a cell’s receptive field,
while the F2 modulation corresponds to both the onset and
offset (On-Off) of each bar of light. Importantly, since the OGB
signal attenuates higher frequencies, a large, detected F2 modu-
lation represents an even stronger than recorded modulation,
increasing confidence in On-Off designations. Likewise, an
apparently low F2 modulation leaves characterization of On-Off
ambiguous or not possible. We computed the direction-
selectivity index (DSI) and axis-selectivity index (ASI) of each
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Figure 2. Direction and Axis Selectivity in the dLGN
(A) Polar plot legend for (B)–(E), with directions in visual coordinates. Scale bars for fluorescence change (DF/F) and time in (B)–(E) are shown on bottom right.
(B–E) Examples of nondirection-selective dLGN neurons (B), anterior DS neurons (C), posterior DS neurons (D), and axis-selective neurons (E). Polar plots
represent themagnitude of F1 (red) or F2 (black, On-Off) response to each grating direction. Axes outside of the circle show the fluorescence time series, in units of
percent change in fluorescence, in response to each direction of the grating. Individual trials (gray) are overlaid with the mean time series (red), where stimulus
time (8 s) is indicated by bar under waveforms as in Figures 1D and 1E.
Neuron
Functional Organization of Motion Direction in LGNresponsive neuron in our sample. Neurons with high DSI values
(DSI > 0.5) responded preferentially to a single direction of the
grating. Neurons with high ASI values (ASI > 0.5) responded
preferentially to gratings drifting along a single axis of motion,
responding selectively to gratings drifting in either opposing
direction along a motion axis at a single orientation. The majority
of neurons were not selective for motion in a particular direction
or along a particular axis (n = 320/353, Figure 2B, DSI < 0.5 and
ASI < 0.5). These responses are consistent with the circular
direction tuning curves typical of dLGN neurons (Hubel and
Wiesel, 1961). These findings demonstrate that the superficial
dLGN is far from a purely DS layer.Anterior and Posterior Direction Selectivity
in Superficial Mouse dLGN
Conversely, 18 of the visually responsive cells in the data set
were strongly and consistently direction selective (example cells
Figures 2C, 2D, and 3A, DSI > 0.5, Hotelling T2 test, p < 0.05). The
proportion of DSLGNs observed is highly significant compared
to chance (shuffled trials, p < 106, see Supplemental Experi-
mental Procedures). The majority of neurons in our data set
responded to both the onset and offset of each bar of light
moving through their receptive field (n = 10/18), defining their
receptive fields as On-Off and strongly suggesting that they
receive driving input from On-Off RGCs. The remaining neuronsNeuron 76, 713–720, November 21, 2012 ª2012 Elsevier Inc. 715
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Figure 3. The Superficial dLGN Is Selective for Horizontal Motion
(A) Each vector on polar plot indicates a DS neuron. Direction of vector indi-
cates direction preference. (B) Each vector indicates an axis-selective neuron.
Direction of vector indicates axis preference. Vectors are reflected (gray) for
display purposes and represent the same data as black and red vectors.
(A and B) Length of vectors indicates level of direction selectivity (DSI) or axis
selectivity (ASI), using the max-null metric (Supplemental Experimental
Procedures). Data for all neurons in the data set are shown in Figure S2, using
the resultant metric and the Hotelling T2 test, for all values of DSI and ASI.
Black lines indicate On-Off response (F2 modulation) and red lines indicate
F1 modulation. (C) Maximum likelihood fit of axial circular Gaussian distribu-
tions to the observed populations of direction- and axis-selective neurons from
(A) and (B). Curves represent the axial Gaussian model’s probability of
observing a direction-selective (red) or axis-selective (blue) neuronwith a given
preferred direction or preferred axis. Dotted lines indicate preferred axis for
each population, and curves are normalized to equalize the maximum prob-
ability density for visualization. Both populations prefer axes representing
horizontal motion. (D) Depth of neuron populations in dLGN data set de-
pending on stimulus selectivity.Whiskers are complete depth range, boxes are
25th to 75th percentile, and the red line is the median depth. Anterior-,
posterior-, and axis-selective neurons overlap locations in depth within the
superficial 75 mm of dLGN.
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Functional Organization of Motion Direction in LGNcould not be definitively characterized as either On, Off, or
On-Off. We next tested for functional organization of preferred
direction in the superficial dLGN population, based on our
predictions fromDSRGCprojections. Unexpectedly, themajority
of DSLGNs were strongly selective for the anterior direction (n =
11/18, including one near the anterior-downward border, Figures
2C and 3A), and the majority of these neurons were On-Off
direction selective (n = 8/11). Another population of DSLGNs
was selective for the posterior direction (n = 5/18, including one
near the posterior-downward border), corroborating known
posterior DSRGC projections to the superficial layer. At least
one of these neurons could be defined with On-Off responses
(Figure 2D), perhaps reflecting the variety of On-Off response
types inherent to that population (Huberman et al., 2009; Rivlin-
Etzion et al., 2011) and the attenuation of higher frequencies in
the calcium signal. Only one neuron was selective for upward
motion and one for downward motion (Figure 3A), consistent
with rare arborization of On-Off downward and Off upward
DSRGC axons in the superficial dLGN layer (Kim et al., 2010).716 Neuron 76, 713–720, November 21, 2012 ª2012 Elsevier Inc.These results strongly predict a retinogeniculate projection of
On-Off anterior DSRGCs to the superficial dLGN region. Further-
more, insofar as On-Off upward DSRGCs project to dLGN, they
are likely to project to deep rather than superficial layers.
Overall, the preferred directions of DSLGNs in the superficial
75 mm of the dLGN were distributed along a single axis (Fig-
ure 3C, axial Rayleigh test, p < 0.05, unimodal Rayleigh test,
not significant [n.s.]) corresponding to horizontal motion (fitted
distribution < 2 from horizontal axis). It is important to note
that the axial Rayleigh test is significant (p < 0.05) for DSI thresh-
olds less than 0.5 and greater than 0.22 for neurons that show
a consistent direction bias or ‘‘sensitivity’’ (Hotelling T2 test,
p < 0.05), suggesting that direction selectivity in the population
lies on a continuum (Figure S2A). Interestingly, anterior DSLGNs
(aDSLGNs) were intermingled in depth with posterior DSLGNs
(pDSLGNs) within the superficial 75 mm of the dLGN (Figure 3D).
The mean tuning widths of pDSLGNs and aDSLGNs were indis-
tinguishable from each other (t test, n.s.) and were more sharply
tuned for direction than reported for DSRGCs (mean width at
half-maximum = 76 ± 7 [SE] for DSLGNs compared to 115 re-
ported for DSRGCs; Elstrott et al., 2008; t test, p < 0.05). Firing
rate to OGB signal transformations are linear at low firing rates
(Kerlin et al., 2010; LeChasseur et al., 2011), suggesting that
the sharper tuning curves we observe are not artifacts and
represent sharpening of direction tuning in the dLGN (see also
Levick et al., 1969). These results suggest that the dLGN both
maintains and sharpens retinal direction tuning in a subset of
neurons and contains a preferred direction-biased superficial
region. Intriguingly, the DS neurons in this region overwhelmingly
encode opposite directions along a single axis of motion.
Horizontal Axis Selectivity
This surprising functional organization of opposing direction
tuning prompted us to next investigate whether the dLGN
integrates across opposing directions of motion to form axis-
of-motion-selective neurons within the same region, in contrast
to the role of the dLGN as a simple relay of segregated functional
channels. In support of this hypothesis, 15 of the visually respon-
sive neurons were highly selective for a particular axis of
motion, at a single orientation of the grating (Figures 2E and
3B, ASI > 0.5). The proportion of axis-selective lateral geniculate
neurons (ASLGNs) observed is also significantly different
from chance (shuffled trials, p < 106, see Supplemental Exper-
imental Procedures). The preferred axis of motion of these
neurons was also overwhelmingly biased toward a single axis
(axial Rayleigh test, p < 0.05, unimodal Rayleigh test, n.s.),
corresponding to horizontal motion (Figure 3C). The axial
Rayleigh test is significant (p < 0.05) for all ASI thresholds
less than 0.5 for neurons that show a consistent axial bias or
‘‘sensitivity’’ (Hotelling T2 test, p < 0.05), suggesting that like
direction selectivity, axis selectivity in the population lies on
a continuum (Figure S2B). The preferred motion axis for axis-
selective neurons was not significantly different than the axis
for DS neurons (Watson-Williams test; fitted distribution < 20
from horizontal axis). Furthermore, ASLGNs, pDSLGNs, and
aDSLGNs were intermingled in depth within the superficial
75 mm of the dLGN (Figure 3D; one-way ANOVA, n.s.). ASLGNs,
like DSLGNs, were more sharply tuned than DSRGCs (mean
Neuron
Functional Organization of Motion Direction in LGNwidth at half-maximum = 61 ± 2 [SE] for ASLGNs compared to
115 reported for DSRGCs; Elstrott et al., 2008; t test, p < 0.05).
Three of these neurons could be defined as On-Off cells. Cell 1 in
Figure 2E showsOn-Off responses in one such neuron. The simi-
larity in response characteristics of ASLGNs and DSLGNs
suggests that they may receive common, retinal input. This is
further supported by parameters of the retinogeniculate circuit,
as discussed below.
Random Wiring Model
DSLGNs and ASLGNs in the superficial region both have strong
and statistically significant preferences for the same horizontal
axis of motion. This suggests that anterior and posterior but
generally not upward or downward DS inputs are likely to
synapse in the superficial dLGN and that ASLGNs may arise
from the integration of opposing DS inputs as a result of either
specific connectivity mechanisms or random sampling from
local axon terminals (random wiring). In order to ask whether
random wiring alone within the superficial region can explain
our findings in a way that is consistent with previous experi-
mental results (which would suggest that specific connectivity
mechanisms may not be necessary), we developed a simple
statistical model of the inputs to the superficial dLGN.
In the random wiring model, neurons receive multiple inde-
pendent inputs that are anterior DS, posterior DS, or non-DS.
The random wiring model is constrained by the previous experi-
mental observation that mouse dLGN neurons receive one to
three strong inputs from the retina (with probabilities: one input
[p1], two inputs [p2], and three inputs [p3 = 1  p1 + p2]), from
which they derive their stimulus selectivity (Cleland et al.,
1971a, 1971b; Mastronarde, 1987, 1992; Usrey et al., 1999;
Chen and Regehr, 2000). Importantly, the basic results of the
model are robust against the addition of dLGN neurons that
receivemore than three strong retinal inputs. Themodel assumes
that input from DSRGCs must be nearly pure to generate
a DSLGN or ASLGN, since linear summation of inputs only
produces direction or axis selectivity (i.e., 0.5 DSI/ASI) if over
90%of the inputs to a cell are of the required type(s). In themodel,
random wiring is defined such that the probability of input to
a dLGN neuron from a given type of RGC is equal to the total
proportion of input to superficial dLGN belonging to that RGC
type (f). We assume that the fractions of input to superficial
dLGN of either anterior or posterior DSRGCs are equal and that
upward and downward DSRGCs do not project to the superficial
region, yielding 2f for the total fraction of DS input.
Together, these assumptions define a set of equations for the
probability of each possible type of cell (Table S1). The sum of
probabilities for observing DSLGNswith one, two, or three inputs
in the model is equal to the total fraction of DSLGNs, p(DS).
Similar reasoning applies to ASLGNs with two or three inputs,
yielding p(AS) (see Supplemental Experimental Procedures for
a full derivation). In the model, not all values for p(DS) and
p(AS) are possible given random wiring; however, the range of
possibilities is large (Figure 4B, light gray region). Cleland et al.
(1971a) performed paired RGC-LGN recordings in cats and
found that very few dLGN neurons (8.8%, 5/57) had a single
RGC input that accounted for all of its recorded spikes. This
provides bounds on the likely fraction of dLGN neurons receivingonly one driving RGC input (p1 = 0.038–0.19, 95% confidence
interval [CI] using the Wilson interval for binomial variables with
5/57 single input LGN cells). Applying these bounds to p1 limits
the possible solutions for fractions of ASLGNs and DSLGNs,
which are consistent with the random wiring model (dark gray
region of Figure 4B). The experimentally observed fractions
of ASLGNs (p(AS) = 0.043, binomial 95% CI 0.026–0.069) and
DSLGNs (p(DS) = 0.051, binomial 95% CI 0.033–0.0790) in our
data set (red region of Figure 4B) are consistent with the previous
data on the limits on p1 (fall within the bounded region). These
results suggest that random wiring is a valid mechanism for
yielding the fractions of DSLGNs, ASLGNs, and nonselective
neurons in the superficial dLGNwithout violating previous results
on the fraction of LGN neurons driven by a single input.
The random wiring model thus defines equations for two
experimentally determined values (probability of ASLGN,
p(AS) and probability of DSLGN, p(DS)) using three variables
(f, p1, p2), leaving one free variable. We varied p2 in order to
find the family of solutions for p1 and 2f that satisfy the observed
values for p(DS) and p(AS) (Figure 4C, black curve with red region
indicating confidence intervals). In order for random wiring to
explain the experimentally observed axis and DS cell fractions,
the model predicts that the total fraction of DS input (2f) to the
superficial dLGN must be between 29% and 39% of the total
RGC inputs (25%–45% including 95% CI). The model also
predicts that the probability of a dLGN neuron receiving a single,
driving retinal input (p1) is between 0.028 and 0.092 (0–0.167 for
the set of p1 values from the 95% CI of AS and DS fractions,
see Supplemental Experimental Procedures). Importantly, the
ranges of 2f and p1 are likely to be much narrower in actuality
given that they are based here on the extreme solutions of the
model (e.g., p2 = 0), which are very unlikely to occur in the actual
circuit. As discussed below, our experimental results, combined
with the results of our randomwiringmodel and previous studies,
suggest that selective connectivity mechanisms are not required
in this circuit beyond concentrated anterior and posterior DS
input to the superficial dLGN region. Furthermore, the model’s
results given our data make specific predictions about the wiring
statistics of DSLGNs and ASLGNs.
DISCUSSION
These results demonstrate a functional organization of opposing
direction information in the superficial region of mouse dLGN.
Unexpectedly, the representation of motion information is
segregated in terms of horizontal from vertical motion infor-
mation but integrated in terms of combining opposing directions
along the same horizontal axis within a majority of nondirection-
selective neurons in the same region. These dLGN functional
cell types probably arise primarily from synaptic integration of
retinal inputs (see Supplemental Information).
Accounting for known properties of the retinogeniculate
circuit, our results suggest that dLGN can maintain, sharpen,
and integrate retinal information pathways.Moreover, all of these
functions can be accomplished via locally random wiring and
do not require uniform functional lamination, as our model
shows. Since dLGN provides the majority of sensory input to
primary visual cortex, and given the remarkably similar directionNeuron 76, 713–720, November 21, 2012 ª2012 Elsevier Inc. 717
dLGNRetina
Superficial 
Region
Deep
Region
A1
B C
p f1
p f1
22p f2 2p f(1-2f)2 (1-p -p )f1 32
+ + + +...
A2
0 0.1 0.2 0.3 0.4 0.5
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Fraction of each direction selective input (f)
P
ro
ba
bi
lit
y 
of
 re
ce
iv
in
g 
a 
si
ng
le
 in
pu
t (
p 1
)
0 0.2 0.4 0.6 0.8 1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Fraction axis selective p(AS)
Fr
ac
tio
n 
di
re
ct
io
n 
se
le
ct
iv
e 
p(
D
S
)
Figure 4. Wiring Model between Retina and dLGN
(A1) Left: schematic representation of mosaics of retinal ganglion cells. Each
color represents a different On-Off DSRGC cell type: posterior (red), anterior
(blue), upward (yellow), and downward (green). Nondirection-selective
neurons are gray. Right (‘‘superficial region’’): organization of dLGN showing
the superficial dLGN region containing intermingled populations of posterior
(red) and anterior (blue) DSLGNs as well as horizontal ASLGNs (purple) and
nondirection-selective neurons (gray) as revealed by the current study. Right
(‘‘deep region’’): predictions for deeper dLGN, including intermingled upward
(yellow) and downward (green) DSLGNs as well as vertical ASLGNs (light
green). This region is grayed out because its functional organization remains
unknown. Lines between retina and dLGN schematics represent RGC axons.
Color conventions are the same as the rest of the figure. The thickness of the
lines indicates predicted fraction (f) of overall input from our random wiring
model. Solid red and green lines represent known projection patterns of
posterior and downward DSRGCs, respectively, whereas dashed blue and
yellow lines represent predicted projection patterns of anterior and upward
DSRGCs made by the current study. Our random wiring model demonstrates
that concentrated, laminar projection patterns of opposing DSRGCs can yield
the fractions of DSLGNs and ASLGNs that we observe in superficial dLGN
given locally random wiring. (A2) Basic probabilistic theory of the model,
which assumes dLGN neurons receive one (probability = p1), two (p2), or three
(1  p1  p2) inputs from retina that drive their selectivity, including a variable
for the fraction of anterior and posterior direction-selective input (2f). Some
examples of individual probabilities are shown (see Table S1 and Supple-
mental Experimental Procedures). (B and C) Results of the model. (B) All
possible ASLGN and DSLGN fractions based on the model without further
constraints (light gray area). The fraction of purely single input neurons from
Cleland et al. (1971a) (95% binomial CI from Wilson interval, dark gray area
0.038 < p1 < 0.19; actual value, dotted line p1 = 0.088) constrains the plausible
Neuron
Functional Organization of Motion Direction in LGN
718 Neuron 76, 713–720, November 21, 2012 ª2012 Elsevier Inc.preference tuning between retina, dLGN, and cortex (present
study; Huberman et al., 2009; Rochefort et al., 2011), it is likely
that direction tuning first computed in the retina is manipulated
by the dLGN and then relayed to cortex. This pathway may
supply motion information to cortex to help derive cortical direc-
tion and orientation selectivity. This may indicate a separate
mechanism for generating direction and orientation selectivity
compared to classic models (Hubel and Wiesel, 1961, 1962;
Ferster and Miller, 2000; Peterson et al., 2004). Still, like retina,
the dLGN probably only represents specific axes of motion,
and thus cortex must derive tuning for intermediate directions
via additional circuit mechanisms. Future studies will be neces-
sary to reveal whether the retinogeniculate pathway is necessary
and sufficient to initiate direction and/or orientation tuning in
cortex during development and what roles the pathway plays
in cortical computations, perception, and behavior in the adult.
The pattern of direction tuning in superficial dLGN is in
agreement with superficially restricted projections of posterior
DSRGCs (Huberman et al., 2009) and deeply restricted projec-
tions of On-Off downward and Off upward DSRGCs (Kim et al.,
2010; Kay et al., 2011). Our results suggest that regardless of
whether projections of these different DSRGCs overlap, func-
tional segregation is achieved in dLGN. This also strongly implies
that DSLGNs sample retinal inputs near their cell bodies, despite
having dendrites that probably span across layers, consistent
with what has been observed more generally for dLGN relay
neurons (Hamos et al., 1987; Sherman and Guillery, 1998).
Furthermore, the results strongly predict projections of On-Off
anterior DSRGCs to superficial dLGN and On-Off upward
DSRGCs to deep and not superficial dLGN. Similarly, anterior
DSRGCs may avoid projections to deep layers, following the
pattern of posterior DSRGCs. This suggests a striking model of
functional organization in which the cardinal axes of visual
motion are separated in the dLGN (Figure 4A1). In potential
support of this hypothesis, two extracellular recording studies
in rats found a similar proportion of DSLGNs compared to the
present study but that >80% of the DSLGNs in their samples
preferredmotion in vertical-axis directions (Montero andBrugge,
1969; Fukuda et al., 1979), indicating that dLGN encodes vertical
directions. These studies did not report precise depths of their
recordings, perhaps because of limitations of their methods
and the rarity of DSLGNs, but it is likely that their methods tended
to sample from deep dLGN and may have largely missed
superficial cells. As imaging technologies improve in providing
access to deeper dLGN and more DSRGC cell-type projections
are labeled and characterized, the precise organization of
deeper dLGN, and a more complete understanding of potentialrange of ASLGNs and DSLGNs. The observed fractions of ASLGNs and
DSLGNs in our study (95% binomial CI from Wilson interval: red area 0.026 <
ASLGN fraction < 0.069, 0.033 < DSLGN fraction < 0.079, actual value: black
dot ASLGN fraction = 0.043, DSLGN fraction = 0.051) falls within this plausible
range. (C) Possible p1 and f values (by varying across all values of p2) corre-
sponding to the differing constraints in (B): unconstrained model (light gray
region), constraining p1 to be consistent with the fraction of purely single input
neurons from Cleland et al. (1971a) (95% CI, dark gray region; actual value,
dotted line), or constraining the model to be consistent with the experimentally
observed ASLGN and DSLGN fractions in this study (95% CI, red region;
actual value, black curve).
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Functional Organization of Motion Direction in LGNlaminar organization, may be revealed. Organizing opposing
directions together and separating orthogonal axes in distinct
layers represents an unprecedented functional organization for
dLGN and may provide advantages for computing higher-order
motion parameters.
Surprisingly, we observed neurons that encode an axis of
motion matching the opposing preferences of DS neurons in
the same dLGN region. We see two main possibilities for how
this overlap in selectivity arises—either ASLGNs integrate
opposing direction-selective retinal ganglion cell-type inputs to
form a new response class or ASLGNs receive direct input
from an undiscovered axis-selective retinal ganglion cell type
and relay that information. The latter hypothesis is most con-
sistent with the view of the dLGN as a simple relay from retina
to cortex. Interestingly, if this pathway exists, it may suggest
further specificity of RGC projections based on motion axis
preference, for example, if vertical axis cells are found in deeper
dLGN. However, while axis-selective retinal ganglion cells have
been found in the rabbit’s visual streak, they are nearly absent
in the rabbit’s peripheral retina (Oyster, 1968) and have not
been described previously in the rodent retina, which has no
visual streak. Moreover, while the persistent view has been
that the dLGN only relays retinal information and does not
generate novel feature selectivity, the current results present
overlapping and opposing information channels in a single
dLGN region, and thus the potential for direct integration of
retinal pathways, for example, as evaluated by our random
wiring model. Interestingly, one previous study suggested
potential for rare mixing of RGC-type inputs in dLGN to yield
intermediate tuning properties of X and Y cells in the cat (Mastro-
narde, 1992), suggesting that similar mechanisms may be
involved in other species and cell types. However, the present
results indicate that dLGN may integrate retinal information to
form a novel feature selectivity. Regardless of whether axis
selectivity first arises in retina or dLGN, the importance of
this pathway may be further pronounced if axis-selective inputs
influence orientation selectivity in some neurons in the cortex.
Integration of opposing direction preferences by ASLGNs
either could result from selective connectivity between DSRGCs
and ASLGNs, for example, favored by developmental mecha-
nisms, or could occur by chance if connections are nonspecific
between retina and thalamus, given that incoming axonal
arbors of opposing DSRGC types probably overlap spatially
within superficial dLGN, as predicted by our results. Future
studies are necessary to determine how axis selectivity develops
in dLGN. In order to test whether our results are consistent
with the generation of ASLGNs by chance integration of DSRGC
afferents with opposing direction preferences, we generated
a simple model based on random retinogeniculate wiring.
In thismodel, dLGNneurons receive one to three driving retinal
inputs (Chen and Regehr, 2000) randomly distributed according
to the fraction of DS inputs from the retina. The random wiring
model predicts that an overwhelming majority (81%–100%) of
dLGN neurons receive more than one driving input from RGCs
in order to produce the proportions of ALSGNs and DSLGNs
we observe in the superficial dLGN (4% and 5%, respec-
tively). This is consistent with previous studies that have reported
that91%of relay neurons receive driving inputs frommore thanone RGC (Cleland et al., 1971a). The model also predicts that
a relatively large fraction of RGC input to superficial dLGN is
direction selective (>25%), which is similar to the total fraction
of RGCs that are On-Off DS (20%–36%, based on anatomical
estimates fromHuberman et al., 2009), consistent with the notion
that potentially all anterior and posterior DSRGC input to dLGN
projects superficially and that other directions project deeper,
maintaining the overall fraction of DS input to dLGN across
depths. The random wiring model demonstrates that integration
can result by chance from convergence of relatively common
direction-selective inputs and give rise to the representation of
motion that we observed. This suggests a developmental mech-
anism for establishing local concentrations (i.e., lamination) of
incoming fibers of specific direction preference but does not
require selective targeting on a single cell basis to generate
ASLGNs and maintain direction selectivity in dLGN. If the condi-
tions of the model are not met physiologically, selective wiring
between DSRGCs and ASLGNs may be necessary to generate
ASLGNs in the absence of direct axis-selective input.
Regardless of the mechanism, the juxtaposition of horizontal
axis and anterior-posterior direction selectivity within the same
region suggests a computational role for the superficial dLGN.
By both sharpening and integrating direction information within
a functional organization, the dLGN appears to not merely relay
direction information from the retina to cortex but instead to
organize and to manipulate that information before projecting it
downstream. Future studies examining direct functional con-
nectivity analyzed from the retina to thalamus to cortex, as well
as of local interneuron circuits within dLGN, may shed light on
the mechanisms underlying these computations. For example,
whether sharpening of direction tuning in dLGN results from
nonlinear postsynaptic summation (Carandini et al., 2007) or
precisely targeted feedforward inhibition (Wang et al., 2011)
remains unknown. The methods developed and demonstrated
here in combination with other methods are likely to aid these
studies. Furthermore, the influence of these computations and
the functional-anatomical organization of direction and motion
axis information in the dLGN on visual cortical processing, devel-
opment, and behavior remain intriguing, open questions.
EXPERIMENTAL PROCEDURES
In Vivo Preparation
All experiments involving living animals were approved by the Salk Institute’s
Institutional Animal Care andUse Committee. C57Bl/6micewere anesthetized
with isoflurane (1%–1.5%). A custom metal frame was mounted to the skull
(Figure 1). A craniotomy was made and the exposed cortex, including much
of visual cortex, and hippocampus were aspirated, exposing the thalamus.
OGB and sulforhodamine 101 (SR101) were injected with 150 ms pulses every
15 s for 15min at 200 and 400 mmbelow the dLGN surface. A tube with a glass
coverslip was inserted and filled with artificial cerebrospinal fluid. OGB-loaded
neurons were imaged through the tube with a two-photon microscope. For
visual stimulation, chlorprothixene (1 mg/kg, intramuscular injection) was
administered and isoflurane was lowered to 0.3%–0.5%. More details and
visual stimulation parameters can be found in the Supplemental Experimental
Procedures.
Data Analysis
Regions of interest (ROIs) were drawn around each cell in each field of view,
glia were excluded using SR101 labeling, and pixels were averaged within
each ROI. Calcium signal modulations were measured as relative change inNeuron 76, 713–720, November 21, 2012 ª2012 Elsevier Inc. 719
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Functional Organization of Motion Direction in LGNfluorescence over time compared to a prestimulus baseline (DF/F). Fourier
transforms were taken of the signals during the stimulus period, at the first
and second harmonic frequencies of the grating to measure the response of
the cell to each direction of the grating. Direction selectivity was calculated
by both max-null and circular variance metrics. See Supplemental Experi-
mental Procedures for more details and statistics.
Random Wiring Model
A full derivation of the model can be found in the Supplemental Experimental
Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes one table, two figures, Supplemental
Experimental Procedures, and one movie and can be found with this article
online at http://dx.doi.org/10.1016/j.neuron.2012.09.021.
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